| ANTIBACTERIAL ACTIVITY OF FLAVONOIDS

| Flavones
Different studies evaluated the inhibitory effects of plant flavonoidrich extracts and pure flavonoids against some pathogenic bacteria.
Various mechanisms have been proposed for the antibacterial activities of flavones. As a mechanism, flavones form a complex with the cell wall components and consequently inhibit further adhesions and the microbial growth as well. As an example, gancaonin Q (1; prenyl flavone; Figure 1 ) and amentoflavone (2) isolated from Dorstenia spp.
showed activity against Bacillus cereus (Minimum Inhibitory Concentration (MIC): 2.4 and 3 μg/ml, respectively) via the same mechanism (Kuete et al., 2007; Mbaveng et al., 2008) and licoflavone C (19; from Retama raetam flowers) was active against Escherichia coli via formation of complexes with extracellular and soluble proteins (MIC 7.81 μg/ml; Edziri et al., 2012) .
Another proposed mechanism is inhibition of bacterial enzymes (such as tyrosyl-tRNA synthetase) that was mediated by artocarpin (23) extracted from leaves of Artocarpus anisophyllus against B. cereus, E. coli, and Pseudomonas putida (Jamil, 2014) . Baicalein is an effective bactericide and when combined with cefotaxime, the synergistic effects were observed . The possible mode of action of baicalein has been studied extensively. It was shown that this compound is able to reduce the Pseudomonas aeruginosa-induced secretion of the inflammatory cytokines IL-1β, IL-6, IL-8, and TNFα, which are important for inflammatory injury after P. aeruginosa infection (Luo et al., 2016) . The results of Chen study indicated that baicalein at concentrations of 32 and 64 μg/ml was able to downregulate the quorum-sensing system regulators agrA, RNAIII, and sarA, and gene expression of intercellular adhesin (ica) in Staphylococcus aureus biofilm producer cells .
Other reports include gancaonin G (27) and semilicoisoflavone B (28) from Glycyrrhiza uralensis toward vancomycin-resistant Enterococcus bacteria with the MIC values of 32 and 64 μg/ml (Orabi, Aoyama, Kuroda, & Hatano, 2014) . Neocyclomorusin (33) and neobavaisoflavone (34) among 19 natural products belonging to terpenoids, alkaloids, thiophenes, and phenolics from the methanolic extract of Cameroon plants were active against Gram-negative bacteria (Klebsiella pneumonia and Enterobacter cloacae) with the MIC value of 4-8 μg/ml (Mbaveng et al., 2015) . Other biological activities of flavones are summarized in Table 1 .
Inhibition of the bacterial efflux pump and increase in the susceptibility of existing antibiotics (by inducing depolarization of the cell membrane) is another possible MOA, and artonin I (24) from Morus mesozygia was effective against S. aureus by this mechanism (69-89% inhibition; Farooq, Wahab, Fozing, Rahman, & Choudhary, 2014) .
Potential antibacterial synergy of the desired compound in combination with well-known antibiotics is measured by fractional inhibitory concentration index (Khameneh, Diab, Ghazvini, & Fazly Bazzaz, 2016) . In 2012, in vitro activity of flavones in combination with vancomycin and oxacillin against vancomycin-intermediate S. aureus (multidrug-resistant bacteria) was evaluated and results showed synergism with fractional inhibitory concentration index values of 0.094 and 0.126, respectively (Bakar, Zin, & Basri, 2012) . In addition, diosmetin )25) and alpinumisoflavone (26) from Sophora moorcroftiana in combination with ciprofloxacin and baicalin (37) in combination with oxacillin, tetracycline, and ciprofloxacin exerted synergistic activity against S. aureus by inhibition of the NorA efflux protein (Qiu, Meng, Chen, Jin, & Jiang, 2016; Wang et al., 2014) .
| Flavonols
Flavonols such as quercetin, myricetrin, morin, galangin, entadanin, rutin, piliostigmol, and their derivatives are among the most important class of flavonoids that show potent antibacterial activities. For examples, quercetin (48) and its derivatives showed a significant antibacterial activity against some strains of bacteria, including S. aureus, methicillin-resistant S. aureus (MRSA), and Staphylococcus epidermidis.
In vitro investigation of this compound against several oral microbes showed that quercetin had potent activity against Porphyromonas gingivalis with MIC value of 0.0125 μg/ml (Geoghegan, Wong, & Rabie, 2010) . In another study, the antibacterial activities of quercetin against amoxicillin-resistant S. epidermidis were assessed. The results indicated that upon combination of quercetin and amoxicillin, the synergistic activity was observed and bacterial resistance to this traditional antibiotic was remarkably reversed (Siriwong, Teethaisong, Thumanu, Dunkhunthod, & Eumkeb, 2016) .
Morin (45) is well-known to be effective against Gram-positive bacteria. Combination of this plant-derived flavonol with conventional β-lactam antibiotics against MRSA showed that the susceptibility of MRSA toward oxacillin was enhanced significantly (Mun et al., 2015) .
Bioactive constituents from Croton menyharthii evaluated for their inhibitory effects on selected bacteria. Among them, quercetin was active against Bacillus subtilis whereas myricetrin-3-O-rhamnoside (56) was the most active compound against E. coli, K. pneumonia, and S. aureus. These results validated the ethnomedicinal use of the plant in folk medicine (Aderogba, Ndhlala, Rengasamy, & Van Staden, 2013) . Babajide, Babajide, Daramola, and Mabusela (2008) found that piliostigmol (47) from Piliostigma reticulatum exhibited strong activity against E. coli (MIC: 2.57 μg/ml), which was three times stronger than amoxicillin. Recently, antibacterial study of lipophilic compounds galangin (44) and galangin-3-methyl ether (72) against Gram-positive and Gram-negative bacteria showed that compounds were active against Gram-positive bacteria with MIC values of 0.5-1 μg/μl (Echeverría, Opazo, Mendoza, Urzúa, & Wilkens, 2017) . In 2017, antibacterial properties of eight compounds isolated from Entada abyssinica (traditionally used against gastrointestinal bacterial infections caused by Salmonella typhimurium) were assayed, and the results showed that among them, compounds entadanin (73) and quercetin-3-O-α-l-FIGURE 1 Chemical structures of flavone compounds rhamnoside (74) were active against S. typhimurium with the lowest MIC values of 1.56 and 3.12 μg/ml, respectively (Dzoyem et al., 2017) .
Galangin (44) is a well-known antibacterial agent, and the plants containing this flavonol were used traditionally in South African indigenes to treat infections. This compound was effective against S. aureus (Cushnie & Lamb, 2005a , 2005b , and in another study, galangin, quercetin, and baicalein were able to reverse bacterial resistance to conventional β-lactam antibiotics against penicillin-resistant S. aureus (Eumkeb, Sakdarat, & Siriwong, 2010;  Figure 2 ).
Many research groups investigated possible antibacterial MOA of flavonols. It is well-known that three types of β-ketoacyl carrier protein synthases are predominant targets for the design of novel antibiotics. 3,6-Dihydroxyflavone (50) exhibited antibacterial activity against the multidrug-resistant E. coli through inhibition of β-ketoacyl acyl carrier protein synthase I (related to the elongation of unsaturated fatty acids in bacterial fatty acid synthesis) and III with MIC value of 512 μg/ml (Lee, Lee, Jeong, & Kim, 2011) . Kaempferol-3-rutinoside (68), isolated from Sophora japonica flowers, was active against Streptococcus mutans by inhibition of the action of sortase A that plays a key role in the adhesion to and invasion of hosts by Gram-positive bacteria .
Some research groups studied the correlation between antimicrobial properties and liposome interaction activities of different flavonoids. The lipophilicity properties and the interaction of antibacterial agents with the cell membrane attribute the success or failure of them to access their target (Echeverría et al., 2017) . Liposomal models were used for investigation of antibacterial mechanism of four flavonoids against E. coli. Among them, kaempferol (55) showed bacterial cell disruption by interaction with the polar head-group of the model membrane (He, Wu, Pan, & Xu, 2014) . In a previous study, it was shown that plants with high level of flavonoids can disrupt bacterial surface and cellular leakages (Musa et al., 2011) . It was inferred that the antibacterial mechanism of galangin is related to the alteration of topoisomerase IV enzyme activity (Cushnie & Lamb, 2006) . As mentioned above, morin is effective against Gram-positive bacteria. The possible mode of action of the compound is related to the suppressing expression of penicillin-binding protein encoded by mecA (Mun et al., 2015) .
Biofilm eradication is another antibacterial mechanism of flavonoids, for example, rutin (49) at concertation of 50 μg/ml reduced biofilms of foodborne pathogens (E. coli and S. aureus; Al-Shabib et al., 2017) and inhibited biofilm formation of Streptococcus suis with 1/4 MIC value (78.1 μg/ml) without changing the structure of S. suis . In another study, myricetin (46) inhibited biofilm formation of S. aureus by MBIC 50 values of 1 μg/ml (Lopes, dos Santos Rodrigues, Magnani, de Souza, & de Siqueira-Júnior, 2017 ).
Antifouling properties of purified quercetin (48) from marine derived Streptomyces spp. against 18 biofouling bacteria confirmed with MIC range between 1.6 and 25 μg/ml (Gopikrishnan, Radhakrishnanauthor, Shanmugasundaramauthor, Pazhanimuruganauthor, & Balagurunathanauthor, 2015) . In another study, among the nine flavonoids (from the leaves of Scutellaria oblonga), quercitin-3-glucoside (65) could successfully kill S. aureus and reduction in biofilms (90-95%) was observed (Rajendran et al., 2016) . Other reports of the antibacterial activity of flavonols are summarized in Table 2 .
| Flavanones
Several studies have reported antibacterial activity of flavanones (Table 3) . For example, the result of in vitro investigation of prenylated flavanones from Paulownia tomentosa fruits showed that compounds
mimulone (81), and diplacone (82) had a strong antibacterial activity (Rukachaisirikul et al., 2007) Heveaflavone (5) Amentoflavone-7″, 4‴-dimethyl-ether (6) Podocarpusflavone-A (7)
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against Gram-positive bacteria including B. cereus, B. subtilis, Enterococcus faecalis, Listeria monocytogenes, and S. aureus with MIC values of 2-4 μg/ml (Šmejkal et al., 2008) . It has also been demonstrated that abyssione-V 4′-O-methyl ether (88) from the stem bark of Erythrina caffra inhibit activity of E. coli with MIC value of 3.9 μg/ml (Chukwujekwu, Van Heerden, & Van Staden, 2011) . Katerere, Gray, Nash, and Waigh (2012) reported excellent activity of pinocembrin (87) isolated from Combretum apiculatum toward S. aureus with MIC of 12.5 μg/ml. In another study, this compound from the leaves of
Cryptocarya chinensis was potent against Mycobacterium tuberculosis (MIC 3.5 μg/ml). Navrátilová et al. (2016) oxacillin, and gentamicin against MRSA (Mun et al., 2013) . Synergism has also been reported between flavonoid and other antibacterial agents. Sophoraflavanone has been reported as a phytochemical compound with potent antibacterial activity (Tsuchiya & Iinuma, 2000) .
Sophoraflavanone G (83; from Sophora flavescensn), for example, potentiated the effect of ampicillin or oxacillin against MRSA infection (Cha, Moon, Kim, Jung, & Lee, 2009 ). In addition, sophoraflavanone G (83) showed significant antibiofilm formation against S. epidermidis, S. aureus, and B. subtilis with MIC values ranging from 3.1 to 12.5 μg/ml (Oh et al., 2011; Wan, Luo, Ren, & Kong, 2015) . Sophoraflavanone B showed antimicrobial activity against MRSA (Mun et al., 2014) . Dzoyem, Hamamoto, Ngameni, Ngadjui, and Sekimizu (2013) reported that 6, 8-diprenyleriodictyol (95) (87) and 7-O-methyleriodictyol (99) were active with MIC values of 0.5-4 μg/ml, and these results showed that the amphipathic properties (lipophilic and hydrophilic moieties of flavones) were important for antibacterial activity and selectivity, respectively (Echeverría et al., 2017) .
| Flavane 3-ols
One of the main group of flavonoids is flavane-3-ol compounds, and the antibacterial activity of these compounds is well documented (Table 4) .
In vitro investigation ( Figure 4 ) showed strong antibacterial activity of (Activity: acetylcholinesterase inhibition)
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This compound exhibited good activity against six out of 10 tested microorganisms, including two resistant strains (MRSA and vancomycin resistant) with MIC/MBC values of (25/50) and (12.5/50), respectively (Tajuddeen et al., 2016) . 
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Diffusion agar IZ: 17.60 ± 0.04, 13.00 ± 0.01 mm (Salah et al., 2015) Kaempferol-3-rutinoside (68) (Mariani, Suganda, & Sukandar, 2016) . Several antibacterial activities of other chalcones compounds are summarized in Table 5 .
| SYNTHETIC DERIVATIVES OF FLAVONOIDS
Developing novel, potent, and unique antibacterial drugs is important to overcome bacterial resistance and increase effectiveness of therapies. Many researchers reported that new derivatives of flavonoids were more active than natural flavonoids against bacteria strains (Table 6; Replacing this substituent by a halogen atom, nitro group (NO 2 ), ethoxy group, or aliphatic group caused the loss of activity towards S. aureus (Stompor & Żarowska, 2016) . The synthetic compound (S)-5-hydroxy-4′-hydroxy-7-(2-morpholino-2-oxoethoxy)-2,3-dihydroflavone (160; containing the flavanone core) displayed excellent activity against E. coli, P. aeruginosa, and S. aureus (sixfold more potent than the marketed antibiotic ciprofloxacin). The result showed that R4 (N-containing heterocyclic compounds) were more active than alkyl or aromatic amino containing analogues at the C-7 side chain (Xiao et al., 2017) 
| STRUCTURE-ACTIVITY RELATIONSHIP
The amphipathic features of flavonoids play an important role in the antibacterial properties. In these compounds, hydrophilic and hydrophobic moieties must be present together (Echeverría et al., 2017) .
The hydrophobic substituents such as prenyl groups, alkylamino chains, alkyl chains, and nitrogen or oxygen containing heterocyclic moieties (Tajuddeen et al., 2016) FIGURE 4 Chemical structures of flavane 3-ols compounds usually enhance the antibacterial activity for all the flavonoids (Xie, Yang, Tang, Chen, & Ren, 2015) . The structure-activity relationships have been found in the recent studies are summarized as follows. The results showed that between different classes of flavonoids, mainly chalcones, flavanes, and flavan-3-ol exhibit better results, respectively.
These findings are comparable to that of previous studies (Cushnie & Lamb, 2011) .
| Chalcones
According to the result of many types of researches, chalcones with a lipophilic group such as isoprenoid and methoxy groups at positions 3′, 5′, and 2′ of ring A are the most potent inhibitors of MRSA strains (Lee et al., 2010; Omosa et al., 2016) . Based on the activity of isobavachalcone (110; MIC: 30 μg/ml), Mbaveng et al. (2008) suggest that A ring with prenyl group display good activity but cyclization or addition of the prenyl group to another ring in addition to the ring A (B ring) decrease the activity. Also, hydroxy group at 4′, 4, and 6 of A and B rings increase the activity (Figure 7 ). For example, between compounds kuraridin (168) and THIPMC (115) 
| Flavanes and flavanols
In many studies, flavanes with prenyl group at the A ring are the most potent antibacterial compounds against S. aureus, and the number and position of prenyl groups on this ring increase the activity (Figures 8   and 9 ). For example, Mazimba et al. (2012) proved that between compounds lupinifolin (90) and 165 with almost similar structures, but difference at position 3 on the ring C, compound 90 inhibited the growth of S. aureus and B. subtilis (minimum inhibitory quantity: 0.5 μg). Presence of the hydroxy group at different positions of A and B rings has also been reported to improve antibacterial activity. Šmejkal et al. (2008) reported that 3′-O-methydiplacol (100) with OH at positions 5, 3′, and 4′ on the A and B rings, respectively, geranyl group at C-6
and OMe at C-5′ showed good activity towered S. aureus with MIC value of 4 μg/ml. Also, sophoraflavanone G (83) with isogeranyl at C-8 and OH at 3, 2′, and 4′ on the A and B rings was active against S. aureus with MIC value of 7.3 μg/ml (Oh et al., 2011) . Recently, Bitchagno et al. (2015) found that the tetraflavonoids (166, 167) without OH on the C ring were moderate activity against E. coli.
| Flavonols
In the ring A, many studies have confirmed that hydroxylation at position 5 and 7 together are important on antibacterial activity of (Xiao et al., 2013) 4-(6-Hydroxyspiro [1,2,3,3a,9a-pentahydrocyclopenta [1,2b] chromane-9,1′-cyclopentane]-3a-yl)benzene-1,3-diol (143)
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In addition, hydroxylation on the B and C rings also increases the antimicrobial activity of these compounds. For example, comparison of compounds with the same structure showed that kaempferol (55) with a hydroxy group at C-4′ had less activity than galangin (44; without OH at C-4′) against S. aureus (Echeverría et al., 2017) .
The number of glycosylic group instead of the hydroxy group at position 3 also plays an important role on antibacterial activity. For example, among the compounds extracted from Maytenus buchananii,
(9) with a disaccharide group at the same position was the better inhibitor of S. aureus growth than amentoflavone-7″,4‴-dimethylether (6) with monosaccharide group (quercetin-3-O-β-Dglucopyranoside; Tebou et al., 2017) . Substitution that decrease activity is methoxylation at position 3. For example, piliostigmol (with OMe and Me groups at position 6 and 7 of A ring and OH at position 3) was more active against S. aureus than 6-Cmethylquercetin-3,3′,7-trimethyl ether (163; with OMe at the C-3 position; Babajide et al., 2008) .
| Flavones
As it was mentioned in many studies have been conducted on antibacterial activity of flavones (Hung et al., 2008; Novak et al., 2012; Xiao et al., 2011) , possessing at least one hydroxy group in the ring A (especially at C-7) is vital for antibacterial activity, and in another position such as C-5 and C-6 can increase the activity (Figure 11 ; Wu et al., 2013) . Also, substitution of OH with OMe at C-7 decrease the activity.
For instance, between 5,7-dihydroxy-flavone (11) with two OH at positions 5 and 7 and 5-hydroxy-7-methoxy-flavone (10) with OMe at position 7 and OH at position 5, compound 11 was more potent against Ralstonia solanacearum (MIC: 25 and 300 μg/ml; Zhong et al., 2012) . Presence of the prenyl (C5) group at position 6 without cyclization of this substituent with A ring has also been reported to improve antibacterial activity. As an example, Kuete et al. (2009) showed that the antibacterial activity of artocarpesine (164) toward E. coli was much higher than cycloatocarpesin (8; MIC: 39, 156 μg/ml).
| MECHANISM OF ANTIBACTERIAL ACTIVITY
The proposed antibacterial mechanisms of flavonoids are mainly as follows: nucleic acid synthesis inhibition, alteration in cytoplasmic membrane function, energy metabolism inhibition, reduction in cell attachment and biofilm formation, inhibition of the porin on the cell membrane, changing of the membrane permeability, attenuation of the pathogenicity (Cushnie & Lamb, 2005a , 2005b Cushnie & Lamb, 2011; Xie et al., 2015) , cytoplasmic membrane damage (possibly by generating hydrogen peroxide [Cushnie & Lamb, 2005a , 2005b ) with flavonols (Cushnie & Lamb, 2005a , 2005b , flavan-3-ol, and flavanol compounds (Tamba et al., 2007) . It was shown that combination of ceftazidime and apigenin damages cytoplasmic membrane of ceftazidime-resistant Enterobacter cloacae and causes subsequent leakage of intracellular components (Eumkeb & Chukrathok, 2013) . Inhibition of (E)-1- Inhibition of the quorum-sensing (cell-to-cell communication system in biofilm formation) signal receptors TraR and RhlR (Zeng et al., 2008) . In the new research findings, additional evidence has been presented in support of each of the mechanisms. The antimicrobial potential of two bioflavonoids was evaluated by scanning electron microscopy (Biva, Ndi, Griesser, & Semple, 2016) against B. subtilis, S. aureus, E. coli, and S. typhimurium. The result showed the bactericidal effect of 5,7-dihydroxy-4,6,8-trimethoxyflavone (13; Figure 12 ) against E. coli and S. aureus, whereas 5,6-dihydroxy-4,7,8-trimethoxyflavone (14) was found to effectively kill B. subtilis by cell lysis (Brahmachari et al., 2011) . When screening natural products for inhibition of β-ketoacyl acyl carrier protein synthase (Chitsazian-Yazdi et al., 2015) , Lee et al. (2011) found that the 3,6-dihydroxyflavone (50) was very effective. This compound inhibition activity against a β-ketoacyl acyl carrier protein synthase of multidrug-resistant E. coli.
It was shown that compound 50 selectively inhibited β-ketoacyl acyl carrier protein synthase III and I (important for fatty acid synthesis in bacteria). In the study of antibacterial activity (against Gram-positive and Gram-negative bacteria) by radioactive precursors, Dzoyem et al. (2013) showed that DNA, RNA, and protein synthesis inhibited by three flavonoids were isolated from Dorstenia species. Flavonoids responsible for this activity were 6,8-diprenyleriodictyol (95), isobavachalcone (110), and 4-hydroxyonchocarpin (118).
It was shown that baicalein could remarkably reverse the ciprofloxacin resistance of MRSA possibly by NorA efflux pump inhibitory effect. Additionally, the inhibition of MRSA pyruvate kinase could lead to a deficiency of ATP (Chan et al., 2011) . A research team (Wu et al., 2013) reported the MOA of five flavonoids against E. coli. These compounds were effective via rigidifying the liposomal membrane. The authors suggested that the molecular hydrophobicity (C log P) and charges on the C atom at position 3 may play a role in the intercalation of liposomal model membranes (Wu et al., 2013) . He et al. (2014) screened antimicrobial mechanism of flavonoids [kaempferol (55), and efflux pump (Xiao et al., 2014) . Flavonostilbenes (83) exhibit antibacterial and antibiofilm formation activities against S. epidermidis with MIC values of 3.1 to 12.5 μg/ml (Wan et al., 2015) . It has also been demonstrated by Wan et al. that the chalcone compounds [such as
ardisiaquinone (125)] were active against MRSA strains by inhibition of bacterial efflux pumps (Omosa et al., 2016) . In the dose-response assay, kaempferol (55) at 31.25 μg/ml concentration was found to be better efflux pump inhibitor by inhibiting NorA pump in S. aureus (Randhawa, Hundal, Ahirrao, Jachak, & Nandanwar, 2016) . In the study of 2015, the combination of morin (45), rutin (49), and quercetin (48) could release the potassium from the cytoplasmic membrane of testing bacteria (Amin et al., 2015) . lower than 1 mM (Xiao et al., 2017) . However, the main gap in this research area is the lack of clinical trials. Some of the flavonoids have been clinically tested for other ailments and showed minimum adverse effects. For instance, quercetin has been used in many clinical trials (not for antibacterial activity) and passed phase 1 clinical trials successfully. Quercetin showed remarkable synergistic activity in combination with reference drugs and can be safely used for further studies in the future.
Many other flavonoids can also be added to the list for future clinical studies.
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FIGURE 12
Chemical structures of flavonoids derivatives
